We present an approach to extend the interface method proposed by Jakubowicz (1998) for attenuating internal multiples such that information about the multiple generators is not required in the modeling process. The approach is based on fulfilling the 'lower-higher-lower' relationship used in inverse scattering series (ISS) for internal multiple modeling, and approximating the pseudodepth monotonicity condition mentioned in ISS. We describe our implementation procedure and discuss the differences between ISS and our approach. We show the application of these two methods for handling internal multiples on both the synthetic and field data from the Tupi oilfield in the Santos Basin and on the field data acquired offshore Australia.
Introduction
Internal multiples (IMs) due to a series of subsurface impedance contrasts are commonly observed in seismic data acquired in various places such as the Santos Basin of Brazil (Griffiths et al., 2011) . Over the years, various methods have been developed to address IM problems and most of them rely on the ability to identify the multiple generators. Approaches such as Delft's feedback model (Verschuur and Berkhout, 1996) , Jakubowicz's interface method (1998) and model driven methods (e.g. Pica and Delmas, 2008 ) require a priori information about the subsurface. When the information is available, perhaps via well logs or interpretation results, significant suppression of IMs can be observed in these methods. Nevertheless, in many situations, it is often not easy to identify the multiple generators and this makes the problem challenging.
Recently, inverse scattering series (ISS) has been applied on marine (Otnes et al., 2004) and land data (Fu et al., 2010) for IM attenuation. The ISS method is a data-driven approach that can predict all internal multiples of a given order without any subsurface information (Weglein et al., 1997) . In comparison, Delft's feedback model or Jakubowicz's method removes all orders of IMs for a given interface (Verschuur et al., 1999) . Hence, "the two methods are distinctly different in the way that (internal) multiples are cataloged and their requirements for a-priori information" (Matson et al., 1998) , even though it has been shown that, for surface-related multiple attenuation, the two methods are essentially the same in theory (Levin, 2008) .
One of the important requirements in ISS that allows it to predict IMs without subsurface information is the pseudodepth monotonicity condition (Nita and Weglein, 2007) . It basically means that, for a particular IM event, the point scatterer that causes the downward reflection is at a higher depth (in pseudo-depth domain) than that of the point scatterers that cause the upward reflections, i.e., satisfying a 'lower-higher-lower' relationship. In this paper, we explore if a similar concept can be applied to Jakubowicz's approach so that all IMs can be predicted without identifying any multiple generators. In the following, we describe our methodology that is based on a slidingwindow approach and discuss how it is different from ISS. We then compare the results of applying the two methods on the data from the Santos Basin and offshore Australia.
Methodology
According to Jakubowicz (1998) , an IM event can be constructed by combining three wavefield components, as illustrated in Figure 1 , that involves a two-trace convolution followed by a single-trace correlation or some combination thereof. Hence, a multiple model that involves the horizon j as the top multiple-generating horizon can be expressed as:
where P k represents the source-side wavefield reflecting from below the horizon j; P j the primary wavefield from the surface to the horizon j and P l the receiver-side wavefield reflecting from below the horizon j, and P j * is the complex conjugate of P j . For the sake of simplicity, the source signature term is neglected in Equation (1). The summation signs in the equation are to ensure that, for an n-layer medium, all the possible internal multiples generated from the horizon j as a top reflector are included. In using ISS for IM attenuation, the 'lower-higher-lower' relationship implies that the 'higher' point scatterer can be at any pseudo-depth as long as it is above the 'lower' point scatterers. Following the same principle, an extra j k l m P j P k P l summation can be added in a modified version of Equation (1) to include all the possible top multiple-generating horizons:
such that the multiple model M is no longer horizonspecific. In Equation (2), the wavefields do not correspond to a single event but a group of events within a window. For instance, stands for the source-side wavefields reflecting from window w k . To realize Equation (2), we adopt a top-down sliding-window approach as depicted in Figure 2 . The figure illustrates that after window w j has been treated as where the top reflectors for the IMs may be embedded, window w k can now be considered as another depth range within which the top reflectors may be found. By repeating the downward sliding of the windows, all the IMs can be predicted without the need of identifying the multiple-generating horizons. There are a couple of assumptions involved in implementing Equation (2). First, the 'lower-higher-lower' constraint is met by comparing the traveltime of NMO'ed common shot and receiver gathers. This is not as accurate as doing it in pseudo-depth (Nita and Weglein, 2007) and velocity is required in the process. Nevertheless, we often need velocity information for near-offset extrapolation for SRME (which is normally applied before IM attenuation), so this does not add any extra requirement on subsurface information. Moreover, for not so complicated subsurface structures, the criterion using the traveltime can be valid. Second, the separation between the multiple generators needs to be larger than the window length; whereas, there is no such constraint in ISS. For IM generators such as coal seam which usually has closely packed strata, very short windows may be needed. In the following, we show how our approach performs when these two assumptions are fulfilled in comparison with the ISS method.
Synthetic and field data examples
Both the ISS based method and our approach were applied to a field dataset, and its corresponding synthetic dataset, acquired in the Santos Basin, offshore Brazil, where significant internal multiples are evident. Figure 3 shows the field data from a line close to the Tupi discovery. A series of impedance contrasts above pre-salt can be observed such as the water bottom (WB), top of salt (TOS), base of salt (BOS) and the layered salt structures. All these reflectors are the generators of the IMs. The synthetic data, displayed in Figure 4 , was generated by acoustic modeling using the corresponding velocity from the field data. The density model was iteratively updated until the events in the synthetic data resemble those in the field data. The IMs, however, were amplified in the synthetic data so that they can be easily identified. The synthetic data in this case is used to illustrate and examine the effectiveness of the two methods.
Using a window length of 25 samples with an overlapping length of 4 samples, a model of all IMs, as depicted in Figure 5 was predicted using our sliding-window method without any subsurface information. Previously, the same dataset was tested before but with the need of identifying the multiple-generating horizons (Griffiths et al., 2011) . Applying ISS for predicting the IMs, we obtained the multiple model that is shown in Figure 6 . It can be observed that the multiples around pre-salt, which are mainly related to the WB, and those IMs generated from the TOS and layered evaporites are well modeled by both methods. Even though the structure of one of the top multiple-generating horizons, TOS, is rather complicated, our method is still able to fulfill the 'lower-higher-lower' relationship because the top multiple-generating horizons are well separated in this case. Adaptive subtraction was then applied to suppress the internal multiples. Figure 7 and 8 depict the subtraction result of our approach and ISS method respectively. It can be seen that those IMs below BOS, which are amplified by the focusing effect that traps the multiple energy in the minibasins (Pica and Delmas, 2008) , are particularly well attenuated in both results.
The corresponding IM attenuation results from the field data are displayed in Figure 9 (b) and 10(a) respectively, after the free-surface multiples had been removed by SRME. Again, it can be seen from the difference plots in Figure 9 (c) and Figure 10 (b) that most of the IMs have been modeled and attenuated by both methods although they are not as obvious as in the case of synthetic data because the IMs are much weaker in this field data. Moreover, the noise in the input field data degrades the performance of prediction and subtraction.
A more obvious example of IMs was observed from a dataset acquired from offshore Australia where the high impedance of the volcanics is the source of the multiples (see Figure 11(a) ). Applying our approach on this data, we obtained an IM model shown in Figure 11 corresponding adaptive subtraction result is displayed in Figure 11 (c) and the amount of IMs removed from the data is depicted in Figure 11 (d). It can be clearly seen that, even without identifying the multiple generators, our method is able to attenuate the highlighted internal multiples.
Conclusions
We have presented an approach based on iteratively locating the multiple-generating horizons for predicting internal multiples. Whilst it involves an assumption in fulfilling the requirement for internal multiple reflections, namely the lower-higher-lower relationship, and it does not give as high as amplitude and phase fidelity as ISS and hence put a greater burden on the adaptive subtraction, the results in this case show that our method can be considered as an appropriate and cost-effective alternative for internal multiple attenuation without subsurface information. 
